In the diverse mechanosensory systems that animals evolved, the waveform of stimuli can be encoded by phase locking in spike trains of primary afferents. Coding of the fine structure of sounds via phase locking is thought to be critical for hearing. The upper frequency limit of phase locking varies across species and is unknown in humans. We applied a method developed previously, which is based on neural adaptation evoked by forward masking, to analyze mass potentials recorded on the cochlea and auditory nerve in the cat. The method allows us to separate neural phase locking from receptor potentials. We find that the frequency limit of neural phase locking obtained from mass potentials was very similar to that reported for individual auditory nerve fibers. The results suggest that this is a promising approach to examine neural phase locking in humans with normal or impaired hearing or in other species for which direct recordings from primary afferents are not feasible.
Introduction
Neural phase locking is a fundamental property of many mechanosensory systems. In auditory systems, it refers to the ability of neurons to synchronize their spikes to temporal features of the sound waveform. This is typically assessed with pure tones to which neurons can discharge maximally at a preferred phase angle (Galambos and Davis, 1943; Tasaki, 1954; Kiang et al., 1965; Rose et al., 1967) . Neural phase locking has been proposed to be critical for many aspects of hearing and its disorders (for review, see Lorenzi et al., 2006; Moore, 2008) . Phase locking in single fibers of the auditory nerve (AN) declines above a certain cutoff frequency and becomes undetectable above an upper frequency limit (Rose et al., 1967; Rose et al., 1968; Johnson, 1980; Palmer and Russell, 1986; Joris et al., 1994a) that differs between species (Weiss and Rose, 1988b) . It has been most extensively studied in the cat (Bourk, 1976; Johnson, 1980; Rhode and Smith, 1986; Blackburn and Sachs, 1989; Joris et al., 1994b) using the vector strength (VS) metric (Goldberg and Brown, 1969) , which decreases at a cutoff frequency of ϳ1 kHz and becomes insignificant above ϳ5 kHz.
The cutoff frequency and upper frequency limit of phase locking in the AN of humans are unknown, because its traditional assessment requires intracranial access and penetrating microelectrodes. Psychophysical studies in human show a hard limit of Ͻ1.5 kHz up to which the binaural system can make use of stimulus fine structure (Klumpp and Eady, 1956; Zwislocki and Feldman, 1956; Schiano et al., 1986; Brughera et al., 2013 ). This suggests that the limit of phase locking to fine structure in humans may be lower than in laboratory animals such as the cat (Joris and Verschooten, 2013) . However, other studies have argued that monaural hearing has access to fine structure at much higher frequencies, perhaps up to 10 kHz (Heinz et al., 2001; Moore, 2008) .
One specific form of mass potentials recorded on the AN, called the AN neurophonic (Snyder and Schreiner, 1984) , provides a possible means to estimate and compare phase locking across species, but this still requires intracranial access. Several studies reported a phase-locked neural component at the round window (RW) (Henry, 1995; He et al., 2012; Lichtenhan et al., 2013; Forgues et al., 2014; Verschooten and Joris, 2014) . This component might be recordable in humans using an approach through the middle ear (Eggermont, 1976) , but it is heavily entangled with the cochlear microphonic (CM) from the transduction currents of hair cells (Dallos, 1973) .
A previous study from our laboratory documented a method to disambiguate and quantify the neural and hair cell components based on forward masking and stimulus polarity reversals and focusing on a single frequency (Verschooten and Joris, 2014) . Here, we apply the method over a broad frequency range in cat. The results show excellent agreement with single AN-fiber data and suggest that recording of mass potentials is a promising avenue to study peripheral phase locking. It may enable an objective assessment of the proposed deficits in fine structure coding in patients with impaired hearing (Starr et al., 1996; Lorenzi et al., 2006; Moore, 2008) .
Surgical procedure
The experiments were conducted in four adult cats of either sex. All procedures were approved by the KU Leuven Ethics Committee for Animal Experiments and were in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals.
Animals were briefly examined for clear external and middle ears. Cats were anesthetized with a mixture of ketamine (20 mg/kg) and acepromazine (0.2 mg/kg) administered intramuscularly. A venous cannula was then placed to infuse lactated Ringer's solution and sodium pentobarbital to maintain a deep state of anesthesia. A cannula was inserted into the trachea. During the measurements the animals were kept warm with a homeothermic blanket (Harvard) . The experiments were conducted in a double-walled soundproofed and faradized room (Industrial Acoustics).
One pinna was surgically removed and the auditory bulla exposed and opened. Through the opening in the bulla, a silver, Teflon-insulated wire with ball electrode was inserted and placed at the RW. The electrode lead was glued to the bone and the bulla opening was closed again with ear impression compound (Microsonic). Two silver wire electrodes were threaded through the skin: a reference electrode at the nape of the neck and a ground electrode near the contralateral bulla. The AN was exposed via a posterior fossa approach involving the removal of a small area of cerebellum. The AN measurements were performed with insulated platinum/iridium (90/10) ball electrodes mounted on a custom-designed electrode holder for differential nerve recordings.
In 2 experiments, we applied 4 l (10 mM) tetrodotoxin (TTX; Gentaur; powder dissolved in artificial CSF with citrate buffer, pH 4.8) in the niche of the RW to block neural spiking in the cochlea. Further details are given in Results.
Stimulus generation
Stimuli were generated with custom software and a digital sound system (Tucker-Davis Technologies, system 2, sample rate: 125 kHz/channel) consisting of a digital-to-analog converter (PD1), a digitally controlled attenuator (PA5), a headphone driver (HB7), and an electromagnetically shielded acoustic transducer (dynamic electro-acoustic transducer; Radio Shack, 20 Hz-50 kHz). The transducer was connected with plastic tubing to a custom earpiece coupler. The coupler was fit in the transversely cut ear canal. The acoustic system was calibrated in situ through the custom coupler and within a few millimeters from the eardrum with a calibrated probe microphone (Brüel & Kjaer, type 4192, 1 ⁄2-inch condenser microphone and conditioning amplifier Nexus 2690).
Signal recording
We use the term "mass potentials" to refer to any of the potentials generated by a population of cells and recorded at some distance from these generators. Mass potentials are traditionally labeled with acronyms or names indicating specific stimuli and/or recording locations. We use the traditional names to the extent possible and provide new names when needed for clarity. The potentials were measured with battery-operated low-noise differential preamplifiers (Signal Recovery Model 5115 and/or Stanford Research Systems Model SR560) located in the shielded room. For the AN, different electrode configurations and positions were evaluated in a preliminary study. For the data reported here, the first two experiments were conducted with differential ball electrodes placed longitudinally on the nerve, with the active electrode closest to the internal auditory meatus. Two later experiments were conducted with a "monopolar" configuration, with the active electrode placed on the AN and the reference at the nape of the neck. The RW measurements were performed between the active electrode at the RW and the reference electrode in the nape of the neck. The grounds of the preamplifiers were connected to the electrode at the contralateral mastoid. The signals were filtered (30 Hz-30 kHz, cutoff slopes 12 dB/oct.) and further amplified with an external amplifier (Dagan, EX4-400) to a total gain of ϫ10,000. All of the relevant signals, including the electrical responses, the stimulus waveform, and synchronization pulses at the start of every probe, were visualized on an oscilloscope (LeCroy WaveSurfer 24Xs); moreover, the responses were sampled with an ADC (TDT, RX8, ϳ100 kHz/channel, max. SNR 96 dB) and stored on disk for further signal processing. To increase the signal-to-noise ratio (SNR) of the response, the stimuli ( positive polarity and negative polarity) were repeated at least 100 times and thereafter averaged. All responses shown in this study are averages.
Stimulus paradigm
We used the paradigm described in Verschooten and Joris (2014) and illustrated in Figure 1 . It was designed with an emphasis on the quantitative extraction of the entangled neurophonic and the removal of artifacts. The complete sequence consisted of three segments given at one stimulus polarity, alternated with the identical stimuli given at the opposite polarity. The first segment (A) contains only a pure tone probe stimulus; the second segment (B) contains the same probe but now preceded by a masker with a separation of 1 ms; and the last segment (C) contains only the masker used in segment B. The probes had durations of 50, 100, or 150 ms depending on the experiment. The maskers were either pure tones at the probe frequency (f P ), or a fixed broadband Gaussian noise (typically 50 -8000 Hz) with a fixed duration of 100 ms (Fig. 1) . For the purposes of the present study, the nature of the masker ( pure tone or broadband noise) is irrelevant. The interval between different segments was at least 50 ms. Segment C was designed to have a total length equal to or greater than segment B and provides a large stimulus-free period. To reduce spectral splatter at the stimulus transients, the probe and masker were gated with a 1 ms raised cosine. The probe level (50 or 55 dB SPL) was chosen such that the SNR of the probe response and the number of presentations required were adequate and realistic and the masker level (65 or 70 dB SPL) was chosen such that the probe response was properly masked. For broadband noise maskers, the noise masker level was calculated over the total noise bandwidth. Figure 1 . Illustration of the stimulus paradigm consisting of two identical successive stimulus presentations (top and bottom), with opposite polarity. Each presentation has 3 segments, shown separated by vertical dashed lines: A contains the probe only, B the probe preceded by a masker, and C the masker only. The probe is a tone and the masker is a broadband noise (illustrated here) or a tone at the same frequency as the probe.
Analysis
The responses of the segments in Figure 1 were combined and processed to obtain the desired signals. One full stimulus sequence resulted in two pairs of responses. Figure 2 is an example of these recorded responses and their derived signals at the AN and RW for a probe frequency of 1 kHz. The two top pairs of responses (Fig. 2Aa ,Ab,Ba,Bb) are the probe and masked probe responses for stimuli of opposite polarity (cf. Fig. 1 A, B) . From these pairs of responses, a purely neural signal is obtained by subtracting the masked response (Fig. 2Ab ,Bb) from the probe response (Fig.  2Aa ,Ba): we refer to this difference as the adapted component (Fig. 2Ac, Bc) . This difference is purely neural because adaptation is present in AN fibers and not in receptor potentials (Russell and Sellick, 1983; Palmer and Russell, 1986; Eatock, 2000) , but it contains both phaselocked and non-phase-locked neural components. For the purposes of the present study, we are particularly interested in the phase-locked component. The non-phase-locked component is the so-called compound action potential (CAP) (Goldstein and Kiang, 1958; Kiang et al., 1976; Antoli-Candela and Kiang, 1978) , which reflects the synchronous firing of AN fibers to stimulus onset. It was removed from the adapted component by filtering (noncausal phase preserving high-pass Chebyshev FIR filter at 1 ⁄2f P ), which results in the signal of interest that we term the decaying neurophonic (dNP; AN-dNP for the AN and RW-dNP for the RW). This signal is shown in Figure 2Ad ,Bd and has been argued to contain only phase-locked neural contributions (Verschooten and Joris, 2014) . Note that the "neural purity" of this signal does not depend on complete masking: if some neural signal is left in the masked responses, the adapted components will be smaller and in the worst case it will be nonexisting, but this will not introduce CM contamination into the adapted components and other signals derived from them.
The availability of responses to stimuli with opposite polarity allows us to further dissect the adapted components. From a pair of decaying neurophonic traces (Fig. 2Ad,Bd) , we derived two other signals: the stimulus-polarity-dependent response (Fig. 2Ae ,Be) and the stimuluspolarity-independent response (Fig. 2Af,Bf ) , by calculating their halved difference obtained from the equation (magenta trace Ϫ cyan trace)/2 in Fig. 2Ad ,Bd and their halved sum (Fig. 2Af,Bf ) . To the latter sum, we applied the same filter as for trace 2d, but with a high-pass cutoff at f P rather than at 1 ⁄2f P . Due to the coherent phase relations within the pairs of the adapted components, the phase-locked odd harmonics (typically dominated by the first harmonic) and even harmonics (typically dominated by the second harmonic) are separated into the stimulus-polaritydependent response and stimulus-polarity-independent response, respectively. The time course and the maximum magnitudes of the various dNP signals (cf. Fig. 2Ad -Af,Bd-Bf ) and their harmonics (first, second) or combined harmonics (first-fourth) are derived with an Hilbert transformation (Figs. 3, 4, 5, 6 ) and a short-time Fourier transform (STFT; here implemented as a GABOR transform with a time window of 6 cycles of f P ; see respectively) . For some signals, we also measured steady-state amplitudes (see Figs. 6, 10) , which were measured over the stable and transient-free period of the response using a fast Fourier transformation.
Noise floor
For the assessment of the upper frequency limit of phase locking, the noise floor of the derived signal was calculated from the background noise in the stimulus and artifact-free part (Fig. 1 , segment C, 540 -706 ms) taking into account the different response combinations and operations (e.g., subtraction, STFT, etc.) that were used to quantify the corresponding responses. Segment C served also another function: in the response of segment B, there is an offset response to the masker, which interferes with the probe response. To remove this off-set response, we always removed this response in segment B by subtracting the response after the masker in segment C from that in segment B. More details about the different extraction methods can be found in Verschooten and Joris, 2014. Except when mentioned otherwise, the amplitudes are presented as a peak voltage.
Results
We investigated the frequency dependence of auditory neural phase locking in cat using a method (Verschooten and Joris, 2014) that is able to isolate and extract a measure of the neurophonic at the RW. We verified the method over a wide frequency range (300 Hz-8 kHz) with simultaneous recordings at the AN and by applying a neural blocker (TTX). We illustrate our findings with examples from individual animals and give a population analysis in the final section. We derive the upper frequency limit of neural phase locking from these mass potentials and discuss how the results relate to the phase locking limit of single AN fibers. Figure 3 presents the time course of the decaying auditory neurophonic for a wide range of probe frequencies at the AN (Fig .  3A) and RW (Fig. 3B ). These curves correspond to the envelopes illustrated with thick lines in Figure 2Ad ,Bd. A first feature of note is that the amplitudes are higher when recorded at the RW than on the AN (Verschooten and Joris, 2014). Second, we observe that, regardless of frequency and measurement location, the time course of the envelopes is always similar, showing an early peak followed by an exponential decay. For frequencies with low SNR, the tail of the decay was not distinguishable from the background noise; in some cases, only the region around the peak remained. Third, two distinct features were frequency dependent: the peak magnitude and the delay of the rising slope. Peak magnitude increases with increasing frequency but decreases again above 1-1.2 kHz. The delay of the rising slope decreased with increasing probe frequency, at least up to a few kHz, after which the magnitude becomes too small to make meaningful statements regarding delay. The peak magnitudes of Figure 3 are graphed in Figure  4 , A and B, as a function of probe frequency. The bottom panels ( Fig. 4C,D) show similar measurements from the same animal using tonal maskers. All curves show the same trend: magnitude increases with frequency, reaches a maximum, and then decreases sharply until it is bounded by the noise floor. The noise floor is indicated by the dashed line and is the baseline of the neurophonic (see Materials and Methods). The detectable upper frequency limit is defined here simply as the frequency at which the curve reaches the noise floor (we return to this definition in Fig. 12 ). With this definition and using a broadband masker, the limit is 5.0 kHz at the AN but was not reached at the RW. Using a tonal masker, the limits were 5.4 and 5 kHz at the AN and RW, respectively. We visually mark an approximate center frequency for the broad peak of the general band-pass characteristic in these figures. For the two measurement sessions of Figure 4 , these center frequencies were quite similar for the AN and RW and were between 1.1 and 1.5 kHz.
Frequency dependence
In broad terms, the characteristics of Figure 4 show a similarity to limits of phase locking in AN fibers (Rose et al., 1967; Johnson, 1980) . This observation, combined with the fact that the general shape of these characteristics is very similar for the two recording locations (AN vs RW), holds promise to estimate neural phase locking from mass potential recordings at the middle ear. In the following sections (see Figs. 6, 9, 10), we perform a finer analysis to examine critically whether the dNP indeed reflects a purely neural signal.
Harmonic separation
We first extracted the peak magnitudes of the maskable odd harmonics (dominated by the first) and even harmonics (dominated by second) using the decomposition of the subtracted (i.e., stimulus-polarity-dependent) responses (Fig. 2Ae,Be) and of the summed, (i.e., stimulus-polarity-independent) responses ( Fig.  2Af,Bf ) . Figure 5 shows the odd (red triangles) and even (blue squares) harmonic contributions to the AN-dNP and RW-dNP peak magnitudes. Below 600 Hz, the amplitudes of the odd and even harmonics are comparable. Above 600 Hz, the total neurophonic response is clearly dominated by the odd harmonics; the trace of the even harmonics has a similar course, but is up to 20 dB (i.e., a factor of 10 of the voltage scale) lower. Therefore, the maximum detectable frequency limit of the even harmonic response is well below that of the odd harmonic response, which has a slightly lower detectable limit than the total response (black, same data as in Fig. 4) . Similar trends were found in other experiments.
For two reasons, we also wished to go beyond these decomposed signals and to quantify more purely the first and second (rather than the entire uneven and even) harmonic content. Typical measures for phase locking in single AN fibers are based on the first harmonic of the neural response and therefore not on odd, even, or all harmonics such as the peak magnitude. In addition, in studies using mass potentials, the second harmonic is commonly used to differentiate neural from hair cell contributions (Snyder and Schreiner, 1984; Lichtenhan et al., 2013) . In a procedure that we refer to as the STFT method, we used a Gabor transform to derive the maximum amplitudes of the first and second harmonics from the decomposed signals obtained in the first step. Note that these harmonics can also be extracted directly from the original, non-decomposed paired dNP signal (e.g., Fig.  2Ad ), but the decomposition has the advantage to remove the CAP in the stimulus-polarity-dependent response easily and to favor the phase-coherent parts in the harmonics.
The results of the STFT extraction for the tonal maskers in Figure 5 are shown in Figure 6 : the first harmonic (solid red, Fig.  6 A, B) and second harmonic (solid blue, Fig. 6C ,D) are shown together with the polarity-dependent and polarity-independent peak amplitudes, replotted from Figure 5 as the dashed traces. Above 600 Hz, the traces of the different harmonics have a similar frequency-dependent course as their related basic signals (dashed lines) but ϳ6 dB lower in amplitude. The upper frequency limit with respect to the noise floor is comparable to those of the peak amplitudes (Fig. 5) . Below 600 Hz, the course of the first and second harmonic deviate significantly from the peak amplitude of their basic signals: the magnitudes are much lower with a more pronounced high-pass characteristic. To understand this difference and to address the validity of our method across frequency, we compared the STFT second harmonic (Fig. 6C,D , solid blue line) and peak amplitude (Fig. 6C,D , dashed blue line) of the stimulus-polarity-independent responses with the second harmonic steady-state amplitude in the stimulus-polarity-independent probe response (Fig. 6C ,D, dot dashed blue line; cf. the stable amplitude of the sustained part of the halved summed responses in Fig. 2Aa ,Ba, sometimes called the ANOW; Lichtenhan et al., 2013; Forgues et al., 2014) . The reasoning is that, if this second harmonic steadystate component is purely neural, as has been argued in other studies (Snyder and Schreiner, 1984; Lichtenhan et al., 2013; Forgues et al., 2014) , then it provides a means to verify the frequency-dependent course of the second harmonic of the STFT. Notwithstanding a different magnitude and noise floor (not shown for the peak magnitude), the STFT (solid blue) and the peak magnitude (dashed blue) traces show similarities to the steady-state response (dashed dotted, cyan): a broad best frequency region and a high-frequency fall-off, with frequency limits (vertical dashed lines) that are in reasonable agreement. The main difference is below 600 Hz: the second harmonic steadystate and the STFT traces do not show the plateau seen in the peak magnitudes, but both have a high-pass characteristic, which suggests a mutual relationship. As a result, below 600 Hz, the peak magnitude of the polarity-independent responses, and most likely also for the polarity-dependent responses, is not a reliable measure for the neurophonic. Further analysis (data not shown), revealed that the deviation between the trace of the peak magnitude and the other traces (STFT and steady-state) reflects leakage of the CAP: at low frequencies, part of the power spectrum of the CAP appears in the calculated responses despite the polarity reversal technique and the CAP removal filter. Note that the higher magnitude for the STFT and peak magnitude simply reflects the larger amplitude at neural onset, whereas the level difference in noise floor is due to the length of temporal integration, which is much longer for the steady-state measurement than for the STFT and peak magnitude measurements.
Tonal versus noise maskers
As mentioned earlier, we used two types of maskers: a fixed broadband noise masker to mask neural activity over a broad frequency range and tonal maskers with the same frequency as the probe. We compared the results for the two types of maskers and did not find any substantial differences at the frequencies of interest, only some small deviations at the lowest probe frequencies. This is illustrated in Figure 5 for the peak magnitudes and in Figure 7 (solid vs dashed traces) for the combined first four harmonic contributions and the first and second harmonics obtained with the STFT. Importantly, the upper frequency limit is basically independent of masker type, as expected.
TTX
As a final test of the neural basis of the components that we designate as such, we compared results obtained before and after the application of TTX at the RW in two animals. The results were similar in the two animals and are illustrated for one animal. TTX blocks the firing of action potentials in neurons, but does not affect the ionic transduction currents through the hair cells, the synaptic currents in the dendrites of the AN fibers, and the summating potential (extracellular DC potential of the hair cells), which is filtered by the presence of the high-pass filter (Materials and Methods). We used the neural blocker to measure the RW-CM in the absence of neural spiking and to test the effectiveness of our method to cancel the RW-CM.
Effect on CAP
After an initial "normal" measurement session to obtain baseline estimates of the AN-dNP and RW-dNP, we applied 4 l (10 mM) TTX at the niche of the RW and monitored the averaged (n ϭ 100) CAPs (maximum peak value Ϫ peak N1) as the TTX took effect. The stimuli used were ON/OFF-gated non-steady-state tone pips with a duration of 10 ms and a sound level of 60 dB SPL.
The evolution of the magnitude of the CAPs is shown in Figure  8A for 8 probe frequencies ranging from 1 to 10 kHz. The post-TTX time at which CAP reduction starts differs at different frequencies and these times are consistent with progressing diffusion of TTX through the cochlea. The CAP for high frequencies, which excite the most basal receptors, was affected first, followed by the CAP in response to lower frequencies. Remarkably, for frequencies at 3 kHz and below, there was a period of enhancement where the CAPs grew above its initial magnitude. The CAP then declined simultaneously at these frequencies. The criterion to start acquisition of a new set of neurophonic measurements was a stable CAP reduction for all measured frequencies. For the animal illustrated in Figure 8 , this was 4 h after the administration of the TTX, as indicated by the dashed line. Note that at the time of neurophonic measurement (gray zone in Fig. 8A ), there is a remaining CAP residue that is highest for midfrequencies. This residue is thought to arise from the EPSPs of the afferent dendrites to the inner hair cells (Dolan et al., 1989) . After an additional time period of 2 h over which the neurophonic measurements were completed, the CAP was measured again: some small additional magnitude decline was measured at midfrequencies. A further decrease was noted at a final repeated measurement 18 h after TTX application (Fig. 8, 1080 min) .
Effect on CM
The decrease in CAPs does not simply reflect a loss of cochlear sensitivity. Figure 8B illustrates the effect of TTX on the first harmonic of the RW-CM for a wide range of frequencies. The magnitude of the pre-TTX RW-CM (blue trace) was measured on a short initial segment of the masked stimulus-polaritydependent response just before neural onset, over which only CM response is present (cf. Fig. 2 , the duration between onsets of masked and adapted components; Verschooten and Joris, 2014). The magnitude of the post-TTX RW-CM (red trace) was obtained at steady-state using an FFT; its noise floor, calculated from a stimulus-free part of the response, is shown as the dotted line with shading. The magnitude of this post-TTX steady-state signal was virtually identical to that measured at the response onset (data not shown), which testifies to the validity of the onset-CM values as a reliable measure of the hair-cell generator. The pre-TTX and post-TTX RW-CM magnitudes are remarkably similar (Fig. 8B) : the only noticeable difference is a small decrease in magnitude of only a few dB and this over the whole frequency range. At low frequencies, both RW-CM traces show a high-pass behavior with a slope of 40 dB/decade. Above 1.2 kHz, the spectrum has little overall slope but shows a spectral fine structure with distinct valleys and peaks. The similarity between the two curves is consistent with a purely neural effect of TTX. The small amplitude decrease and the presence of the peaks and valleys in the fine structure are consistent with previous studies (Henry, 1995; He et al., 2012) if it is taken into account that these studies did not attempt to differentiate the neural and non-neural contributions measured at the RW. Together, the results indicate that the RW-CM is of the same origin and same magnitude before and after TTX application and that it contains no significant neural activity.
Effect on neurophonic Figure 9 shows the magnitudes of the AN-dNP (left column) and RW-dNP (right column) before (top row) and after (bottom row) TTX administration. Comparisons between the top and bottom rows show that TTX has a large suppressive effect on the neurophonic at both locations. The total neurophonic (black trace, combination of the first four harmonics) at the AN was reduced by Ͼ20 dB and became indistinguishable from the background noise. At the RW, the reduction was 26 dB, but some components in the total neurophonic, more specifically the first harmonic (red trace) remained present between 0.4 and 2 kHz. Because this frequency range corresponds to the broad peak of the neurophonic (Fig. 9B) , the residue is almost certainly of neural origin and indicates that the neural block was incomplete, as supported by the remaining post-TTX CAP in Figure 8A . This could not be verified with the results at the AN because of the lower SNR at that location. Remarkably, the noise floor at the RW decreased much more than at the AN. This reduction is indicated in Figure 9D by the gray arrows between the noise floor before (gray dotted curve) and after (black dotted curve) TTX. The decrease in noise floor for the RW was ϳ11 dB, whereas it was only ϳ1.3 dB for the AN (Fig. 9C) . In contrast to the AN, the noise floor at the RW was reshaped from a band-pass shape to a straight line. The slope of this straight line is ϳϩ7 dB/decade, which is close to the slope (ϩ10 dB/decade) imposed by the frequency proportional filter in our method. The change in spectrum of the RW noise floor to a flat slope close to 10 dB/decade suggests that the background noise of the cochlea became whiter, which indicates that the (spontaneous) neural background spiking activity is quenched (Dolan et al., 1990; McMahon and Patuzzi, 2002; Patuzzi et al., 2004; Searchfield et al., 2004) . It is unclear why the noise floor at the AN did not reduce with the same amount as at the RW. One possibility is that the background noise at the AN only partially reflects spontaneous neural AN activity. The measurements at the AN in this experiment were recorded with respect to the nape of the neck and not longitudinal over the nerve as in some of the other experiments. Because the AN is not electrically isolated from neighboring structures such as the vestibular nerve, the noise floor is perhaps dominated by generators other than AN fibers that are not affected by the TTX.
Steady state and second harmonic
The steady-state second harmonic measured in the portion of stimulus-polarity-independent response (cf. Fig. 6C,D) has been used as a measure of neural phase locking (Lichtenhan et al., 2013; Forgues et al., 2014) . Having shown that the RW-CM after TTX contains little neural contribution (Fig. 9) , we can examine whether this steady-state second harmonic effectively measures neural phase locking and if it can be used to find its upper frequency limit. Figure 10A shows the steady-state second harmonic amplitude at the RW pre-TTX (blue) and post-TTX (red). Note that the steady-state pre-TTX trace is reasonably similar to that of the second harmonic RW-dNP illustrated in Figure 9B (blue line), but that it shows several additional peaks above 2 kHz. Similar peaks are present in the first harmonic of the pre-TTX and post-TTX RW-CM (Fig. 8B) , suggesting that these peaks are of receptor rather than of neural origin. The post-TTX response and noise floor (Fig. 10A, red) are clearly reduced for frequencies Ͻ2 kHz up to 30 dB. This indicates that there is a strong contribution of neural activity to the steady-state second harmonic at these frequencies, but that a large signal remains even after TTX, unlike the second harmonic component of the RW-dNP (Fig. 9, blue) , which disappears into the background noise. In addition, above 2 kHz, the post-TTX response is only reduced by a few dB if not bounded by the noise floor (red dotted line). This limited reduc- tion, combined with the observations that the peaks above 2 kHz are similar to those in the first harmonic RW-CM (red and blue traces, Fig. 8B ) and are not present in the second harmonic of the RW-dNP (blue trace, Fig. 9B ), strongly suggests that these remaining contributions are dominated by CM. According to this interpretation, the second harmonic steady-state response (ANOW, Lichtenhan et al., 2013) contains a hair cell contribution that is relative large at high frequencies, which makes it unsuitable to estimate neural phase locking at high frequencies.
A caveat is that TTX did not completely block all neural responses (see Results, Figs. 8A, 9D) , so there is still a possibility that the remaining steady-state response (Fig. 10A, red line) below 2 kHz is not a contamination by CM but rather a remaining nonsuppressed neural component. To investigate this, we over- laid post-TTX second harmonic amplitudes at steady state (red trace, same trace as in Fig. 10A ) with those from the RW-dNP (green trace, same as blue trace in Fig. 9D ). The reasoning is that the latter trace should be completely devoid of a neural contribution, because of both TTX and forward masking. Figure 10B shows that there is no trace of a response over the complete probe range in the post-TTX RW-dNP, not even in the region between 800 and 1300 Hz where the steady-state amplitude is larger. Note that the second harmonic steady-state amplitudes are typically not larger than those of the RW-dNP (Fig. 6C,D) ; therefore, if the remaining steady-state post-TTX response (Fig. 10A , red line) were neural in origin, it is expected to also be clearly present in the RW-dNP. The conclusion is that the steady-state second harmonic is contaminated by CM, whereas this is clearly not the case for the RW-dNP. To summarize, the steady-state second harmonic signal at the RW is not suitable for determination of the upper frequency limit of phase locking because of the presence of a nonmaskable component that probably arises from the CM.
Population analysis
In previous sections, we focused primarily on the method and its verification with some representative examples. In this section, we combine the entire dataset that is obtained with the STFT method and determine an overall upper frequency limit of phase locking. Figure 11 shows the single data points of six sessions for the various harmonics of the AN ( A) and RW ( B). Shown are the magnitude of the dNP (black) and its first (red) and second (blue) harmonic. Trend lines (MATLAB, RLOESS, span: 0.35) use the same color code. For both locations, the different trend lines show a band-pass shape with a center frequency around 1 kHz. At this center frequency and above it, the first harmonic is the dominant component; below 1 kHz, the second harmonic has a significant contribution that equals that of the first harmonic at frequencies Ͻ500 Hz; at the lowest frequencies (200 and 300 Hz), even more higher harmonics contribute. We remark that responses to probe frequencies above 7 kHz were measured in only one experiment, which biased the trend line toward the values of that experiment. Therefore, only the relevant part up to 6 kHz is shown in Figure 11 . Determination of an upper frequency limit requires a baseline or noise floor. The trends of the noise floors were calculated in the same way as for the neurophonic and are included in Figure 11 (dashed lines; single data points not shown). The trend lines for the second harmonics touch the accompanying noise floor. This is not the case for the other trend lines, where at ϳ5 dB above the noise floor the curves start to bend toward the noise floor but remain ϳ1 dB above these. This phenomenon could be due to a systematic bias in the calculation of the noise floor consequent to the 99.75% percentile noise amplitude criterion used (see Methods). However, in most of the above figures, an upper limit is reached above which there are multiple crossings between signal and noise floor. Another, more likely possibility is that this phenomenon results from a few curves that have not settled yet at the highest frequencies (e.g., Fig. 5B ). Whatever its cause, the fact that the signal remains at a constant level of ϳ1 dB above the noise floor indicates that at that point the noise floor has overtaken the response. To determine an upper cutoff frequency, we therefore first simply raised the noise floors (by 0.2-1.5 dB) until they merged with the high-frequency part of the trend lines, where both curves run parallel. Next, we subtracted (powerwise) these noise floors from the respective trend lines in the assumption that the noise and phase-locked signals are not correlated. The result of this subtraction is depicted in Figure 12 by the solid lines that have a decreasing slope extending up to Ϫϱ dB (the imposed intersection between the noise floor and the original trend); the curves were truncated at Ϫ30 dB and are called the (noise) compensated trend lines. We then defined the upper frequency limit at 10 dB below the intersection of raised noise floor and compensated trend lines; this 10 dB point is indicated by the small horizontal lines. At the frequency at which the noise floor and compensated trend line intersect, illustrated for one case with a white dot (Fig. 12B) , the SNR for the original trend line is theoretically 3 dB. The choice of the 10 dB corresponds to an SNR of ϳ1.7 dB. Using our new definition, we obtained a mean detectable upper frequency limit of phase locking for the RW at 5.4 kHz and for the AN at 4.2 kHz. The limit for the first harmonic for the RW was at 4.7 kHz and for the AN at 4.2 kHz. The second harmonic had, in general, a much lower limit, 2.2 kHz, for the RW and 1.8 kHz for the AN.
AN-CM
As is clear from many figures reported in this study, the neurophonic is strongly attenuated at higher frequencies, consistent with the steep low-pass characteristic of single-fiber neural phase locking (Weiss and Rose, 1988a, 1988b; Kidd and Weiss, 1990 ). This slope is at least 40 dB/decade (see also Fig. 14) and is much less steep for the CM (Henry, 1995; He et al., 2012) . It follows that the AN-CM will inevitably dominate over the AN-dNP above a certain frequency. This is illustrated in Figure 13 , where population trends of the AN-CM and AN-dNP are shown. The measurements are separated in two groups according to the recording method; recordings measured differentially along the nerve (solid lines) and those measured "monopolar" with respect to the nape of the neck (dashed lines). The AN-CM trends (green curves) were similar for the two methods: they increase up to 0.8 -1 kHz and thereafter declined with a roll-off of Ϫ20 dB/ decade and finally they intersect the neurophonic at a frequency of 3 kHz for the "monopolar" recordings and at 4 kHz for the differential recordings. Beyond these frequencies, the AN-CM is larger than the AN-dNP. The AN-dNP trends (red lines) also show a band-pass trend centered near 1 kHz, but note that their low-pass slope has a distinctly steeper roll-off at approximately Ϫ50 dB/decade.
Discussion
Human behavioral results have been interpreted as indicating a crucial role for neural phase locking to the fine structure of sound waveforms, even at frequencies above the limit of neural phase locking of commonly studied mammals (Heinz et al., 2001; Moore, 2008) . However, the extent of neural phase locking in human is debated (Joris and Verschooten, 2013) and calls for physiological measurements. Here, we assess neural phase locking with mass potentials recorded at the cochlear RW in a species for which extensive single AN fiber data are available. Previous studies have investigated whether limits of neural phase locking may be gleaned from mass potential recordings. Snyder and Schreiner (1984) reported neurophonic recordings in cat that suggested neural phase locking exceeding the generally quoted limit of ϳ5 kHz; conversely, Lichtenhan et al. (2013) expressed skepticism in the ability of such recordings to be a valuable tool at high frequencies. We used a method developed earlier (Verschooten and Joris, 2014) based on forward masking, polarity reversal, and filtering, to separate the neural phase-locked contribution in the mass potential at the RW from the phase-locked CM. We examined neural phase locking over a wide frequency range and obtained good agreement with the upper limit of neural phase locking of single AN fibers. The method can be adapted for clinical use, for example, to detect the abnormal neural phase locking hypothesized in auditory neuropathy (Starr et al., 1996) .
Frequency limit at the RW
We show that RW mass potentials have a considerable neural phase-locked contribution that can be isolated and quantified over a wide frequency range. This component, the RW neurophonic, has a spectral band-pass shape with a center frequency around ϳ1 kHz. It is strikingly similar to that recorded at the AN, but with a typically larger magnitude 9, 11, 12) . The upper frequency limit of neural phase locking of the first harmonic obtained at the RW was 4.7 kHz. This limit corresponds rather well to that reported for individual AN fibers in cat (ϳ5 kHz; Johnson, 1980; Rhode and Smith, 1986; Javel and Mott, 1988; Joris et al., 1994a; van der Heijden and Joris, 2006) . Neural rectification introduces higher harmonics. The steadystate second harmonic of the neurophonic is easy to extract and has been used as an indicator of neural phase locking (Henry, 1995; Lichtenhan et al., 2013; Forgues et al., 2014) . We examined this component and found that it is not suitable for the determi- -20 dB/dec. recording Figure 13 . Mean trends of the AN-CM and AN-dNP for two different recording configurations. In the longitudinal configuration, the electrodes are placed along the AN; the positive electrode was positioned near the internal auditory meatus and the reference electrode at the merging of the AN with the CN. In the "monopolar" method, the positive electrode was positioned on the nerve and the reference electrode in the nape of the neck. The AN-dNP data were obtained with the STFT method; the AN-CM data were obtained from the masked signal at neural onset. The black lines indicate roll-offs for reference. The results for the different recording configurations are from two different cats.
nation of the frequency limit of phase locking, First, the limit is lower than for the first harmonic (Fig. 12) . Second, CM contamination limits detection of small neural signals at high frequencies ( Fig. 10) , which is supported by a recent study in gerbil (Forgues et al., 2014) .
Frequency limit at the AN
The mass potential recorded at the AN showed an upper frequency limit of phase locking of 4.2 kHz. This is comparable to the limit (ϳ4 kHz) found in an earlier study in cat (Fig. 12 in Snyder and Schreiner, 1984) obtained from a transfer function at a level of 60 dB SPL. However, in that same study, transfer functions at higher levels (70, 80 dB SPL) indicated phase locking extending to the highest frequencies tested (10 kHz), an octave above the limit in single AN fibers (ϳ5 kHz). In Figure 13 , we illustrate that above a few kHz, the stray CM will inevitably dominate the neurophonic at the AN. This is to be expected from the steep low-pass characteristic (Ն40 dB/decade) of single-fiber neural phase locking (Weiss and Rose, 1988a, 1988b; Kidd and Weiss, 1990) . The transfer functions at higher probe levels in Snyder and Schreiner (1984) had a much less steep roll-off of Ϫ20 dB/decade compared with Ϫ40 dB/decade at 60 dB SPL and Ϫ50 dB/decade obtained here; but the Ϫ20 dB/decade roll-off is similar to that for the AN-CM in Figure 13 . We thus surmise that the transfer functions in Snyder and Schreiner (1984) are contaminated by stray CM and that the degree of contamination depends on recording method, frequency, and level.
Plateau of the peak magnitude below 600 Hz Figure 6 shows a clear amplitude plateau below 600 Hz for the peak magnitudes (dashed), which was not present for the steadystate (blue dot-dashed) or for the STFT (solid). Peak magnitudes contain higher harmonics in addition to the dominant harmonics (first or second). These higher harmonics are more present at low frequencies (Figs. 7 B, C, E, F, Fig. 9 A, B ), but they cannot explain the amplitude plateau. Upon further investigation, we found that the plateau reflects spectral leakage of the CAP. For the polarity-independent response (dashed curve, Fig. 6C,D) , this was not unexpected because, below 600 Hz, the CAP's spectral energy is in the pass-band of the high-pass filter (cutoff frequency ϭ f P ). For the polarity-dependent response (dashed curve, Fig. 6 A, B) , the plateau is due to a slight timing difference between low-frequency (Ͻ600 Hz) CAPs to opposite polarities; this is not further investigated here. This plateau is not present when using the STFT method (Fig. 6 ) due to its larger temporal integration and frequency selectivity. Above 600 Hz, the use of the STFT is not critical but desirable because it represents the first harmonic (cf. VS).
Relationship to phase locking in single AN fibers
An important question is how our results relate to the synchronization of single AN fibers. A number of factors hamper direct comparison between maximal VS of single AN fibers in cat (Johnson, 1980; Rhode and Smith, 1986; Javel and Mott, 1988; Joris et al., 1994b ) and the neurophonic. First, the neurophonic is an ensemble response from many AN fibers, with their own phase, delay, rate, and VS depending on frequency, CF, and stimulus level (Rose et al., 1967; Anderson et al., 1971; Kim and Molnar, 1979; Palmer and Russell, 1986; van der Heijden and Joris, 2006; Palmer and Shackleton, 2009; Temchin and Ruggero, 2010) . Spatiotemporal summation of these single AN fiber responses is expected to affect the amplitude and phase of the recorded response in ways that are ill understood. For example, the shapes of the transfer functions of the neurophonic in this and previous studies (Fig. 12 in Snyder and Schreiner, 1984; Fig. 9 in Henry, 1995) often show interference patterns, especially in the sharp declining slope, which are not present in population plots of maximal VS in the cat AN. These interference patterns are also visible in the microphonic (Figs. 13, 14A ). Second, whereas the VS of AN fibers is based on histograms of the timing of action potentials, the neurophonic is an analog waveform composed of summed single unit responses (Kiang et al., 1976; Prijs, 1986; Versnel et al., 1992 ) the waveform of which has a convolving low-pass filtering effect. Third, VS or synchronization index is a normalized metric that equals the Fourier magnitude at the frequency of interest divided by the overall mean spike rate of AN fibers.
In an attempt to compare the neurophonic with single AN fibers, we can compute a synchronization index for the neurophonic (SIN) where the RW-CM is used for normalization. The underlying assumption is that the RW-CM can be regarded as an input signal, whereas the RW-dNP is the output signal and, furthermore, that both signals undergo similar extracellular spatiotemporal filtering. The mean trend of the RW-CM is shown as the green curve in Figure 14A ; the mean trend of the first harmonic component of the neurophonic is shown as the solid red curve. Kiang et al., 1976) , the mean trend of the RW-CM (green), the mean trends of the first harmonic component of the neurophonic (Fig. 12B , red curve), and its compensation for the filtering effect of the waveform of the unit response (red dashed curve), the SIN (brown line; calculated as the ratio between the red dashed curve and green curve), and the VS (expressed in dB) for single AN fibers in cat (black dashed line; the single data points indicates as gray circles are from Fig. 5 of Johnson, 1980) . B, Same as in A but with idealized curves. The slopes (dB/decade) are indicated next to the curves.
To compensate the neurophonic for the convolving effect of the single-unit response waveforms, we extracted an average normalized spectrum from four unit responses in cat (unit 9, 24, 45 and 43 of Fig. 6 in Kiang et al., 1976) . This spectrum is represented as the blue curve in Figure 14A and exhibits a shallow band-pass characteristic. The red dashed line is the first harmonic component of the neurophonic compensated for this spectrum. Finally, the brown line is the SIN for the neurophonic, calculated as the ratio between the compensated neurophonic (red dashed curve) and the RW-CM (green curve). Only the spectral shape of the resulting curve is of interest: its maximum is put at 0 dB. We compare it to the maximal VS in dB for single AN fibers in cat (circles and black line from Johnson, 1980) . The SIN (brown) does not show the same smooth course as the VS: it fluctuates between 0 and Ϫ10 dB and declines at a higher frequency (3.3 kHz) than the VS (ϳ2.5 kHz). Our main interest is in the overall slopes of the trends. Figure  14B shows a speculative and idealized summary of the different curves shown in Figure 14A , with slope values in dB/decade. It shows a reasonably coherent picture of the mutual relationships between the different measurements. The neurophonic SIN shows a roll-off around 3 kHz with a slope of Ϫ60 dB/ decade, reasonably consistent with the trend line for VS in single fibers.
